Abstract: Thermostable villin headpiece protein (HP67) consists of the N-terminal subdomain (residues 10-41) and the autonomously folding C-terminal subdomain (residues 42-76) which pack against each other to form a structure with a unified hydrophobic core. The X-ray structures of the isolated C-terminal subdomain (HP36) and its counterpart in HP67 are very similar for the hydrophobic core residues. However, fine rearrangements of the free energy landscape are expected to occur because of the interactions between the two subdomains. We detect and characterize these changes by comparing the ms-ms time scale dynamics of the methyl-bearing side chains in isolated HP36 and in HP67. Specifically, we probe three hydrophobic side chains at the interface of the two subdomains (L42, V50, and L75) as well as at two residues far from the interface (L61 and L69). Solid-state deuteron NMR techniques are combined with computational modeling for the detailed characterization of motional modes in terms of their kinetic and thermodynamic parameters. The effect of interdomain interactions on side chain dynamics is seen for all residues but L75. Thus, changes in dynamics because of subdomain interactions are not confined to the site of perturbation. One of the main results is a two-to threefold increase in the value of the activation energies for the rotameric mode of motions in HP67 compared with HP36. Detailed analysis of configurational entropies and heat capacities complement the kinetic view of the degree of the disorder in the folded state.
Introduction
Actin-binding villin headpiece protein (HP67) is extensively used as a model system for understanding protein folding, dynamics, and thermodynamics. HP67 consists of about 70 residues and contains two subdomains: the N-terminal subdomain (residues and an independently folding C-terminal subdomain (residues 42-76). 1 A recombinant variant of the isolated C-terminal subdomain 2 that contains an additional methionine at position 41 is often used and is denoted by HP36. Both HP67 and HP36 are thermostable with their thermal mid points at a neutral pH of 77 C and 70 C, respectively. 1, 2 The Nterminal subdomain of villin is essential for specific actin binding, and it has been shown to confer the optimal orientation of the C-terminal subdomain. 1, 3 A recent work by Packer et al. 3 identified an important role of a buried salt bridge between the side chains of E39 and K70 that connects the N-terminal and C-terminal subdomains and keeps the Nterminal subdomain folded. The structures of isolated HP36 and its counterpart in the full-length headpiece 4, 5 are very similar, as demonstrated in Figure 1 by overlaying the two X-ray structures. The hydrophobic core of HP36 is defined by D46, F47, V50, F51, M53, F58, L61, L69, K70, and L75, whereas the N-terminal hydrophobic core is spanned by F16, L18, L21, L29, and P30. 1, 4, 7 There are extensive interactions between the two subdomains, and the hydrophobic core in HP67 is viewed as one unit rather than being separated between the two subdomains. L42 is absolutely conserved and plays an essential role in bridging the two subdomains. 5 The goal of this report is to investigate the fine features of the free energy landscapes of the villin headpiece by examining the dynamical changes in the hydrophobic core methyl groups of the C-terminal subdomain caused by the interaction with the Nterminal subdomain. Because the structural changes for the hydrophobic core are relatively minor, probing the dynamics of methyl groups can provide insights into the rearrangement of the landscape, which are not easily accessible by structural studies. 8, 9 To this end, it is interesting to investigate the slower ms-ms time scale of motions of methyl-bearing side chains. These slower motions are likely to be rather sensitive to fine rearrangements of the landscape. The dynamics of the full-length headpiece has been studied by solution NMR relaxation dispersion experiments at backbone 15 N and C a sites as well as at methyl carbons by Grey et al. 10 and O'Connell et al. 11 These studies detected two types of motional processes in HP67. The first process was attributed to unfolding of the N-terminal subdomain, whereas the second faster process, characterized by the chemical exchange constant on the order of 4 3 10 4 s 21 , affected residues at the hydrophobic interface between the two subdomains and was interpreted as a subtle repacking of the hydrophobic core. We will see that this second process is possibly related to the results presented in our work. An alternative experimental approach, which we undertake in this work, is to utilize solid-state deuteron NMR in conjunction with computational modeling to obtain detailed information on the various motional modes as well as their corresponding kinetic and thermodynamic parameters. Deuteron line shapes are governed by the interaction of nuclear quadrupole moments with electric field gradients. Thus, these line shapes are very sensitive to the dynamics of the order of the quadrupole coupling constant, thereby allowing for probing ms-ms time scales. 12 We see that this approach, combined with the data from the isolated C-terminal subdomain, can also be useful for discriminating which motional modes are affected by the subdomain interactions. In addition, it permits us to consider a wide temperature range and determine the configurational entropies and heat capacities associated with specific motional modes. 13 Usual caveats of model-dependent approaches apply, such as the comparison of the values of kinetic and thermodynamic parameters between different proteins and different conditions is valid as long as the model can be assumed to remain unchanged.
To obtain a site-specific resolution with this approach, the introduction of deuteron labels at selected sites is necessary. We examine three side chains at the interface of the two subdomains, L42, V50, and L75, as well as two additional side chains far from the interface, L61 and L69. Most of these residues have previously been characterized via deuteron NMR in the isolated HP36 protein. 13, 14 We
show that for all groups, with the exception of L75, significant dynamical changes are present between the HP67 and HP36 proteins. We quantify these Figure 1 . Structural comparison of the HP67 (red) and HP36 (blue) proteins shown as ribbon diagrams. The hydrophobic core methyl-bearing side chains examined in this study are displayed in a stick representation. The X-ray structures of both proteins shown (1YRF.pdb and 1YU5.pdb) were aligned using the C a backbone atoms of residues 42-76 and using the FAST program.
changes in terms of kinetic and thermodynamic parameters, such as activation energies and amplitudes for various motional modes, as well as the configurational entropies and heat capacities. By using this information, we draw conclusions on the repacking of the hydrophobic core as a result of these subdomain interactions.
Results
Samples in hydrated lyophilized powder states are folded
The samples used in these studies were in lyophilized powder state hydrated to water content of 0.4 g of water per 1 g of dry protein to introduce an equivalence of roughly one hydration shell, 15, 16 which is a typical amount necessary to reintroduce native-like dynamics. 17 Our earlier studies on HP36 protein 13 indicated that introduction of this level of hydration has the effect of dramatically enhancing the dynamics on ms-ms time scale of both surface-exposed and hydrophobic core residues in comparison with the dry state. This results is consistent with several studies, [17] [18] [19] [20] in particular with a recent work by
Wood et al., 18 as well as with the work by Tamura et al. 19 The latter work also demonstrated that the dynamics in hydrated powder state is very similar to what was observed in crystalline state. Crystalline states are often used in NMR characterization of dynamics of proteins via magic-angle spinning approaches because they lead to narrower spectral line-widths. Consequently, several studies were performed to assess differences and similarities of crystalline solid and solution state of proteins. [21] [22] [23] [24] [25] The pH of the samples was adjusted to 7. Lower pH values have been shown to lead to the partial unfolding of the N-terminal subdomain in solution, whereas the C-terminal subdomain remains fully folded. 10 We have previously confirmed the refolding procedure for HP36 in the hydrated lyophilized powder protein by measuring the 15 We emphasize that the samples used in this study had deuteron labels at single amino acid residues, thus providing a site-specific resolution. The leucine side chains had deuteron labels only at 5,5,5-d 3 positions, distributed in a 1:1 ratio between the two methyl groups. By contrast, the valine side chains were fully deuterated. However, we have previously shown 13 that under the conditions of our experiment, the contributions for the b and a-deuterons into the overall line shapes are negligible because of the very long relaxation times of these deuterons in comparison with the D g positions.
Solid-state deuteron NMR line shapes are different for most residues in HP67 compared with HP36
As mentioned in the Introduction, deuteron line shapes probe motions on the order of the quadrupole coupling constant, with an effective value of 53.3 kHz in our case. 13, 14 As can be seen in Figure 2 , changes in the line shapes between HP67 and HP36 are immediately apparent for all residues but L75. The comparison with a rigid-like Pake pattern corresponding to the absence of the ms-ms time scale dynamics is shown in the insert. It is interesting that the line shape of L69 remains relatively rigid-like in both proteins, whereas the shapes for the other residues are more dynamic. The spectra were recorded in the 298-254 K temperature range. At the end of this range, spectra for all residues approach rigid-like Pake patterns, indicating that the time scale of motions is no longer within the sensitivity of the experiment. The narrow peaks at zero frequency represent a trace contribution from water (HOD), which is discussed in more detail in the following section.
Motional model and fitted spectra
Our next step is to translate the line shapes into the parameters of the motions that describe the movement of the methyl groups. The motional model for the description of the dynamics in a side chain should describe the rotational degrees of freedom around all torsional angles of the side chain. In our earlier work, 13, 14 we devised a motional model based on deuteron line shapes and relaxation data for several hydrophobic core methyl groups in HP36 and the FMOC-Leucine amino acid. Here, we apply the same model. One mode corresponds to fast (a pico-to nanosecond time scale) dynamics and two motional modes correspond to milli-to microsecond time scale fluctuations. Figure 3 illustrates these modes for the leucine side chain. The fast mode represents the three-site hops of methyl deuterons around C g -C d bond. The only effect of this mode on the line shape is to collapse the powder pattern by a factor of three in the chemical shift dimension. The two motional modes on the slow time scale are related to fluctuations in the v 1 and v 2 dihedral angles of the side chain. These two modes distinguish between large fluctuations of the angles that correspond to rotameric jumps and smaller angle fluctuations about the v 2 angle. The latter preserve a specific rotameric state and these can be viewed as fluctuations within the local potential well of one rotameric state. We model this as a diffusive motion of the methyl axis along a restricted arc. The motional parameters of this mode are the length of the arc a that the methyl axis traverses and the rate constant. The rotameric jump mode needs to sample all possible conformations of the side chains. To count the number of rotamers, three possibilities are considered for each side chain v angle: gauche 1 (g 1 ), trans (t), and gauche 2 (g 2 ). This leads to nine possible rotamers for the leucine side chain, 27 but only four of those are magnetically nonequivalent. Therefore, the rotameric motion is modeled by assuming four rotamers. Each of these rotamers, in principle, has a distinct population, but previous work has shown that it is sufficient to assume that there is one major conformer with the population denoted by w and three minor conformers with equal populations. Thus, the ratio of populations for the four leucine rotamers can be specified as w:1:1:1. For the valine side chain, there are three rotamers, and the ratio of populations is fixed as w:1:1. The populations and energy splitting between the major and minor conformers DE are connected by the Boltzmann law w5exp ðDE=RTÞ. The parameters of the rotameric mode are thus the energy difference DE between the major and minor conformers and the kinetic rate constant k rot . Simulations are conducted using EXPRESS simulation software 28 and technical details are provided in the Materials and Methods section. The quality of the resulting fits is demonstrated for the highest temperature of 298 K in Figure 4 . Good agreement with the experimental spectra is obtained as a result of this procedure. The data and simulations for all other temperatures as well as an additional discussion on the quality of the fits are presented in Supporting Information Material S1. The fitted spectra do not include the narrow peaks at zero frequency, which we believe represent a trace signal from HOD present in the hydration layer. The signals from residual water contribution are evident in various peptide and RNA powder systems, even after extensive lyophilization and hydration with 2 H depleted water. 29, 30 Other possible sources of NMR signal contributing toward these peaks can be excluded based on their narrow line width of 1.5-2 kHz that remains essentially temperature independent within the resolution of the probe. Their existence at temperatures well below 270 K indicates that a fraction of water, likely the tightly bound hydration layer, remains liquid well below normal freezing point of water. This is consistent with many studies that suggest that the hydration layer can remain mobile down to the temperatures of 240 K and below, depending on the techniques that are used to probe the motions. [31] [32] [33] In the HP36 samples, the intensities of these HOD peaks are almost not visible at the lowest recorded temperature of about 250 K, with the exception of the sample labeled at the L75 position. Relatively higher amounts of liquid water linger for HP67 at subfreezing temperatures. This information reports on differences in the hydration layers of the full-length headpiece compared to its C-terminal subdomain counterpart. It is interesting that the intensities of the HOD peaks are somewhat residuedependent, which suggests that the details of the hydration layer structure can be highly sensitive to fine details of sample packing.
Comparison of fitted parameters between HP67 and HP36
The rate constant for the rotameric jumps k rot , which is used to set up the exchange rate matrix, represents the sum of the forward and reverse exchange rate constants for each pair of sites. In this work, we find it more useful to analyze the behavior of rate constant k Figure 5 (A). The mobilities of L61 and V50 are enhanced in HP67, which can be already observed from the deuteron line shapes, as their overall patterns are dominated by the rotameric mode.
The Arrhenius plots of k 0 rot are shown in Figure  5 (B) for HP67, whereas values of the activation energies E rot a for these rate constants are presented in Figure 5 (C), which compares the HP67 and HP36 proteins. The most striking result is that the activation energies for the rotameric jumps increase twoto threefold in HP67, with the exception of L75. The steep change of the line shapes with temperatures in HP67 compared to HP36 can be observed directly from the line shapes in Supporting Information Figure S1 . Interestingly, L75 already had a high value of activation energy in the isolated HP36 protein.
There is no correlation between the values of the activation energies and packing densities for residues in each individual protein, although overall packing density for HP67 is clearly higher compared with the corresponding residues in HP36. Detailed information on the calculation of packing densities is presented in Supporting Information S2. The values of DE, which reflect differences in the population of the major and minor conformers, do not change appreciably for most residues with the exception of V50 [ Fig. 5(D) ]. For most residues, the line shapes are not very sensitive to the rate constant of the diffusive motion of the methyl axis on the restricted arc because of the proximity to the fast motional limit with respect to this mode. This was also found to be the case for the isolated HP36. However, the line shapes are quite sensitive to the amplitudes of the motions, which are given by the length of the arc a. These values and their temperature dependence are given in Figure 6 . The changes in these amplitudes at room temperature are significant only for L69 residue, but at lower temperatures variations are apparent for other residues as well. Because these variations are stemming from the observable differences in the line shapes, we expect them to be relatively robust to any possible refinement of the model.
Calculations of configuration entropies and heat capacities
The contribution to the configuration entropy is governed by the amplitude of motions for the restricted diffusion mode and thus it depends on the length of the arc a 13, 14 :
For the rotameric mode, the contribution is rather governed by the difference in energy levels between the major and minor conformers:
in which n represents the number of minor conformers in our model and equals three for the leucine and two for the valine side chains. The errors are calculated from propagating the uncertainties in the populations and the arc length, the latter of which is assumed to be 3 .
At room temperature, the only two residues with appreciable changes in configurational entropies are V50 and L69 [ Fig. 7(a) ]. The change in V50 is caused by the significant decrease in the value of DE in the HP67 protein compared with the isolated HP36 protein, whereas in L69 the difference stems from the increase in the value of the arc length from 35 in isolated HP36 to 50 in HP67. The changes in the configurational entropies DS tot are given by DS cfg;tot 5DS rot 1DS arc (3) and these are shown in Figure 7 (A) for 298 K. The temperature-dependent values of entropies for all temperatures for all residues in HP67 are presented in S3.
We note that the assumption of equally populated minor conformers in Eq. (2) implies that we calculate the upper bound of the entropy using this equation. It is also important to realize that any correlations between other degrees of freedom will change the additivity of entropies. The comparison of the values of entropies calculated with this approach is only valid if the motional model can be kept unchanged. A common model-independent approach to calculate changes in configurational entropies relies on the knowledge of NMR order parameters. 34, 35 For quantitative estimates, an assumption of linearity between the entropy and the square of the generalized order parameter is sometimes used for methyl-bearing side chains. 36, 37 The heat capacities are calculated from the temperature dependence of the configurational entropies, C 5 TdS/dT. The corresponding expressions for the rotameric and arc modes are
(4a)
Only residues with a temperature-dependent arc length a(T) have non-zero C arc . A linear fit to the temperature dependence of a(T) is used for the calculation of C arc , and the uncertainty limits for this contribution are governed by the errors in the parameters of the linear fits. The total heat capacity is C tot 5C rot 1C arc , and its change between HP67 and HP36 is given by DC cfg;tot 5DC rot 1DC arc (5) In general, residues with significant temperature dependence on arc length have large values of C tot , while the contribution from the rotameric mode becomes significant only for large values of w. The residue-specific values of C tot and DC cfg;tot are shown in Figure 7(B,C) . Although all residues except for L75 have relatively large changes in heat capacity between the HP36 and HP67 proteins, the average across all residues is close to zero.
Discussion
Modeling of deuteron line shapes in HP67 and HP36 provided a very detailed quantitative picture of the dynamical changes that occur in the hydrophobic core of the C-terminal subdomain of HP67 caused by the interaction with the N-terminal subdomain. These fine features of the free energy landscape are not easily accessible from structural studies alone. As mentioned in the Introduction, the X-ray structures of both proteins are very similar for the hydrophobic core region of the C-terminal subdomain (Fig. 1) .
The most striking result seems to be a sharp overall increase in the values of the activation energies of the rotameric motion, with an average value of 20 kJ/mol in isolated HP36 changing to 41 kJ/mol for the corresponding sites in HP67. At the same time, at room temperature rotameric interconversions are enhanced for L61 and V50. Quantitatively, this is a consequence of high variability of the intercepts of the Arrhenius plots, both within individual proteins and between the two proteins (see the Supporting Information table of fitted parameters in S1). We interpret this high variability of the intercepts as manifestation of correlation of the rotameric jump mode and other motional degrees of freedom. With this interpretation, the observed activation energy represents an effective value that takes into account all available pathways for rotameric motions. The fact that L75 already has the highest activation energy of 37 kJ/mol in HP36 may provide insights into why the dynamics of this residue is not affected. It appears that the local landscape of L75 in HP36 is already predisposed to the high values of activation energies encountered in the full-length protein.
In general, we see that the effect of the subdomain interactions is not confined strictly to the residues on the interface of the two subdomains, but rather propagates into remote regions of the hydrophobic core, thus indicating a high level of interactions throughout the whole core. This finding is in line with many dynamical studies that demonstrate that perturbations caused by mutations often change the dynamics far from the sites of mutations. [38] [39] [40] The absence of a direct correlation between the values of the rotameric activation energies and packing densities suggests that large angle rotameric jumps report on fine rearrangements inside the hydrophobic core, which is difficult to obtain based solely on structural data.
Rotameric motions are often assessed by solution NMR techniques by measuring laboratory frame relaxation on either methyl carbons or methyl deuterons, the latter of which requires the ACH 2 D labeling scheme. In several cases, rotameric interconversions detected in solution occur on the picosecond time scale. 41 The fact that the time scales of motions detected by our measurements is much slower suggests either the importance of solventslaving effects, 42 which could slow rotameric interconversions in hydrated solid samples, or the existence of slower (ms-ms) time scale rotameric interconversions. The latter would not be detectable by the laboratory frame techniques due to the importance of the overall molecular tumbling in solution. To clarify the importance of these factors, it would be useful to obtain laboratory frame deuteron relaxation data on these proteins in solution, as well as possibly residual dipolar coupling measurements that could probe slower time scales. Importantly, as noted in the introduction, relaxation dispersion measurements on methyl 13 C carbons of HP67 in solution 11 detected a motional process with the exchange rate constant on the order of 4 3 10 4 s 21 , which was attributed to repacking of hydrophobic core due to interactions between the N-terminal and C-terminal subdomains. It is thus possible that the slower rotameric interconversions that we observe in solid state could reflect the same repacking process. Quantitative motional modeling permits us to take the analysis to the next step and obtain thermodynamic characteristics in addition to the kinetic standpoint. The contributions to the configurational entropy are governed by the amplitude of motions (i.e., the length of the arc) for the restricted diffusion of the methyl axis and by the rotameric populations for the mode of large angle rotameric jumps. The largest changes in configuration entropy from HP36 to HP67 at room temperature are seen for L69 and V50. In L69 the effect is due to the increase in the length of the arc in this residue, reflecting increased amplitude of fluctuations insides the well. In contrast, in V50 the increase in entropy is caused by the increase in the fraction of minor rotameric conformers and thus is due to statistical changes in the occupancy of the rotameric wells.
The calculations of heat capacities show large variability between the corresponding residues in HP36 and HP67 (Fig. 7) , but it is interesting that the average value is the same for both proteins. The average value of 15 J/mol K that we obtain from the ms-ms time scale of motions is similar in magnitude to the heat capacity value measured from the ps-ns time dynamics in the methyl groups of ubiquitin 43 and the drkN SH3 domain 44 using solution NMR techniques. Thus, our measurements emphasize the importance of including contributions from multiple scales into the assessment of the configurational heat capacities of methyl groups, which represents the contribution of local dynamics to the thermal stability of proteins. Recent efforts in molecular dynamic simulations have been directed toward the calculation of configurational entropies. 36, [45] [46] [47] [48] [49] [50] [51] The results of the thermodynamics presented in our work can be useful for several aspects of the development of molecular dynamics techniques: they can be useful for refining force-field potentials 52 as well as cross-validating whether the trajectories are long enough for the accurate determination of configurational entropies. In regard to the latter point, it has been shown that rare transitions manifest themselves in longer trajectories and change the values of the configurational entropies. 46 However, for accurate calculations of the entropy, one needs to know the populations of these rare transitions, 47 which can be obtained from NMR experiments such as relaxation dispersion as well as the techniques presented in this work.
In conclusion, this study characterized a detailed kinetic and thermodynamic view of the changes in the local landscape arising due to the subdomain interactions in HP67 protein compared with the HP36 protein. The hydrophobic core undergoes repacking which affects various degrees of freedom of methyl-bearing side chains. From a kinetic stand-point, the values of activation energies for rotameric transitions increase drastically in the hydrophobic core of HP67, while the effect on rotameric rate constants at room temperature is variable. The effect on configurational entropies due to motions between the rotameric wells and the motions inside the wells (modeled by arc motion) is also variable, with the large increase observed for L69 and V50. In general, from the data it is clear that the repacking of the core is not confined to residues directly at the interface between the two subdomains but rather propagates throughout the whole core. The time scales of rotameric motions at room temperature (tens to hundreds of microseconds) are similar to a motional process detected for HP67 in solution, 11 which was also associated with core repacking. The average value of configurational heat capacities is the same for both proteins, although a large variability exists on a per residue basis. The analysis of the magnitudes of heat capacities further indicates that it is important to include contributions from multiple time scales of motions for a fair assessment of total methyl group heat capacities.
Materials and Methods

Sample preparation
Protein samples were synthesized by solid-state peptide synthesis with the incorporation of deuterated amino acids at selected sites. Two of the HP67 samples also had an additional 15 . The identity and purity of the samples were confirmed by mass-spectroscopy and reverse-phase HPLC. Lyophilized powders were dissolved in water and the pH was adjusted to 7; the proteins were then relyophilized. Hydration was performed by exposing the relyophilized powder to vapor diffusion in a closed container until the water content reached about 35-40% by weight.
NMR spectroscopy
Static deuteron NMR measurements were taken on a 9.4 T spectrometer equipped with a static deuterium-tunable probe suitable for solid samples. A quadrupole echo pulse sequence based on an eight-step phase cycle, 12 with a delay of 30 ms between 90 pulses, was used for the line shape measurements. The duration of the 90 pulses was 1.9 ms. The number of scans varied between 200Ák and 500Ák. Relaxation delays were set to at least three times the longitudinal relaxation rates of methyl deuterons, which were determined by conducting inversion recovery experiments using the quadrupole echo detection scheme. 53, 54 The free induction decays were Fourier-transformed with the use of a 1 kHz exponential broadening window function. Temperature calibration was then performed in separate experiments by recording the static lead nitrate line shapes. 55 Magic-angle spinning cross-polarization experiments for the 15 N chemical shift measurements in the L18 and L21 positions were taken at 20 C in the 11.7 T field with a 10 kHz spinning rate and a proton decoupling power of 83 kHz. The chemical shifts were referenced via indirect referencing using 13 C chemical shifts of adamantane. 56 
Line shape simulations
The simulations were carried out using EXPRESS simulation software 28 based on the procedure described in previous work. 13, 14 Here, we briefly describe the most essential features. The model of motions illustrated in Figure 3 consists of several modes. The first mode corresponds to three-site methyl hops and the only effect of this motion on the line shape is to reduce the effective quadrupole coupling constant C q by a factor of three from its full powder pattern value of 160 kHz. 13, 14 Thus, this mode is modeled by setting C q 5 53.3 kHz. An additional two modes for the ms-ms time scale dynamics represent the motions of the methyl axis along a restricted arc (fluctuations around v 2 for the leucine and v 1 for the valine side chains), as well as large angle rotameric jumps. The diffusion mode was performed using a constant (square) potential and a step size of 5 for the arc length. The apex of the cone that defines the arc trajectory was fixed at 141 according to the tetrahedral geometry. The length of the arc was allowed to be variable with temperature. The diffusion was modeled as nearest neighbor jumps for which the kinetic rate matrix specified the rate constant between any two neighboring sites.
As elaborated in the Results section, the position of the methyl axis due to rotameric jumps can have four magnetically nonequivalent positions for the leucine side chain. These are modeled as four sites connected to each other with an equal jump rate between them. For the valine side chain, all three values of the v 1 angle (260 , 60 , 180 ) led to distinct directions of the methyl axis; the jumps between these positions were modeled by three sites. The values of the rotameric populations were fixed from the highest temperature spectrum and obtained from a Boltzmann dependence for lower temperatures. The best-fit parameters were obtained through a visual comparison of the experimental and simulated spectra using an iterative procedure. The errors were estimated as ranges of the parameters within which there was no sensitivity to the quality of the fits.
